AIM Acetabular dysplasia is the one of main causes of hip displacement in patients with cerebral palsy (CP). Although several studies have shown a relationship between hip displacement and acetabular dysplasia, relatively few have evaluated the association between quantitative acetabular dysplasia and related factors, such as Gross Motor Function Classification System (GMFCS) level.
INTERPRETATION Acetabular dysplasia was independently affected by both the amount of hip displacement and the GMFCS level. Thus, physicians should consider not only the migration percentage but also three-dimensional evaluation in patients at high GMFCS levels.
Hip displacement is a significant problem for children with cerebral palsy (CP), and its pathomechanics are complex. Acetabular dysplasia is the one of main causes of hip displacement and is considered an acquired deformity resulting from imbalanced muscular forces acting on the hip, coupled with abnormal bone development due to the absence of weight-bearing. [1] [2] [3] When hip displacement is severe or when dislocation occurs, patients with CP are at a high risk of pain, severe contractures and difficulty walking, windswept deformity, decubitus ulceration, and difficulty with perineal hygiene. 4 Many radiological measures associated with hip displacement have been evaluated for their reliability and validity. [5] [6] [7] [8] The most commonly accepted and frequently used measuring index to reflect hip displacement in children with CP is the migration percentage. 6, [9] [10] [11] [12] It has been used in hip surveillance to detect the progression of hip displacement so that it can be treated earlier. [10] [11] [12] [13] Although the morphological issues of the hip joint are important in evaluating the risk of hip displacement, the patients' functional levels are also important. 2, 14 The Gross Motor Function Classification System (GMFCS) is a reliable and stable five-level ordinal scale used to grade motor function, including ambulatory ability and musculoskeletal function, in children with CP. 15, 16 The risk of hip displacement is known to be directly related to GMFCS level. 2, 14 Most hip reconstructive surgeries have generally been performed on the basis of the migration percentage. 11, 13, 17 Although several studies have shown a positive relationship between acetabular dysplasia and migration percentage, 2, 13, 14, [18] [19] [20] [21] [22] relatively few have evaluated the direct correlation between quantitative acetabular dysplasia and related functional factors, such as GMFCS level.
In this study, we quantitatively investigated acetabular dysplasia using three-dimensional (3D) reconstruction computed tomography (CT) and factors related to dysplasia in patients with CP.
METHOD
This retrospective study was approved by the institutional review board of our hospital (a tertiary referral centre for CP). The need for informed consent was waived because of the retrospective nature of the study. Inclusion criteria were patients with CP, aged 20 years or younger, who had undergone simultaneous 3D hip CT and hip anterior-posterior radiography between May 2003 and June 2015. Exclusion criteria were the following: (1) previous surgery or procedure on the hips that resulted in a change in the natural shape of the hips (hip reconstruction operation, adductor tenotomy, selective dorsal rhizotomy, intrathecal baclofen, and injections of botulinum neurotoxin around the hip joint); and (2) inadequate hip CT or radiography available for measurement (Fig. S1 , online supporting information). Individuals aged 20 years or younger, who had undergone simultaneous 3D hip CT and hip anteriorposterior radiography with no skeletal deformity and no dysplasia in the acetabulum, such as fractures at other sites, simple masses such as simple bone cysts, and non-specific pain, were categorized as the typically developing comparison group, and 55 individuals were randomly selected from among them. Demographic data, including patient age at the time of CT, sex, GMFCS level, and whether previous surgery or procedures on the hips had been performed, were obtained by medical record review.
The migration percentage of the femoral head was measured from hip anterior-posterior radiography of the pelvis, which was obtained with patients in the supine position with the beam centred in the midline of the pelvis in a neutral status. 20, 23 Radiographs were taken with use of a UT 2000 unit (Philips, Eindhoven, the Netherlands) with a source-to-image distance of approximately 100cm, 60kVp (peak kilovoltage), and 10mAs (current). Radiographic measurements were performed with the use of Picture Archiving and Communication System (PACS) software (INFINITT Healthcare, Seoul, Korea).
The CT scans (Mx8000IDT; Philips Medical Korea, Seoul, Korea) were acquired at a thickness of 1mm using age-and weight-specific paediatric protocols to minimize radiation exposure. 8, 24 The 3D reconstruction, multiplanar reformation, and index measurement were performed using Rapidia software (version 2.8; INFINITT Healthcare).
Consensus building for radiographic measurements
A consensus-building session involving four orthopaedic surgeons with 15, 13, 11, and 10 years of orthopaedic experience took place to define radiographic measurements and determine the typically developing comparison group. Previous studies were reviewed, 8, 13, 18, 19, [25] [26] [27] [28] and one of the authors pooled three items relevant to measuring hip displacement: migration percentage, acetabular index, and centre-edge angle on hip anterior-posterior radiography. Reliability and validity were considered important when choosing the radiographic index, and migration percentage was selected by consensus on that basis. 10, 13, 22, 28, 29 The acetabular index and centre-edge angle were found to be insufficient for predicting hip displacement, so they were not selected. 5, 10, 22, 29, 30 As described by Reimers, migration percentage is measured by drawing a horizontal line through the triradiate cartilages (Hilgenreiner's or H-line) of both hips and a vertical line (Perkin's or P-line) drawn perpendicular to it at the lateral margin of the acetabulum. 6 The amount of the ossified femoral head extends beyond Perkin's line and is expressed as a percentage of the entire diameter of the visible part of the femoral head seen in the anterior-posterior view. Therefore, the migration percentage reflects the lateral displacement of the femoral head. Additionally, we decided to use previously described 3D acetabular indices for quantitative evaluation of acetabular dysplasia. 8, 26, 31 Anterosuperior, superolateral, and posterosuperior indices were measured in the plane of the three directional reformatted images representing each direction (Fig. 1a) . Methods for measurement were similar to those for measuring the acetabular index, landmarks of which are the triradiate cartilage and acetabular rim, following the methods described in a previous study ( Fig. 1b-d ). 8 
Reliability testing and main measurement
After consensus building, a reliability test was conducted before the primary measurements were obtained. Intraclass correlation coefficients were used to determine the interobserver reliability for three orthopaedic surgeons (MKC, AZ, BCC) with 5, 5, and 6 years of orthopaedic experience respectively, who independently evaluated randomly selected radiographs and 3D CT images in a blinded fashion. Four weeks after interobserver reliability testing, one surgeon (MKC) repeated the measurements to evaluate intraobserver reliability. After reliability testing, one surgeon assessed all radiographs. The patients' age and sex, laterality, and date on which the radiographs and 3D CT images were obtained were included in the measurement data.
Statistical analysis
In our study, reliability was assessed with intraclass correlation coefficients and a two-way mixed-effects model, assuming a single measurement and absolute agreement. 32, 33 With an intraclass correlation coefficient target value of 0.8, a Bonett approximation was used with 0.2 set as the width of the 95% confidence intervals. 34 The minimal sample size (number of radiographs needed) was calculated to be 36. When the intraclass correlation coefficient was greater than 0.8, the reliability was regarded as excellent.
What this paper adds
• Acetabular dysplasia is independently aggravated according to increased migration percentage and Gross Motor Function Classification System level.
• Three-dimensional evaluation should be considered when deciding the pelvic osteotomy in patients with cerebral palsy.
Descriptive statistics were used to summarize patient demographics and radiographic measurements. Because measurement data were from both hips of the same patient and continuous variables, to consider the data dependency within subjects we adopted a linear mixed-effects model, as proposed in a previous study. 35 Statistical analyses were conducted with SPSS 24 (IBM Corp., Armonk, NY, USA) and Stata 13 (StataCorp., College Station, TX, USA). All statistics were two-tailed, and p-values lower than 0.05 were considered significant.
Building a linear mixed-effects model
Each 3D acetabular index measurement for evaluating the extent of acetabular dysplasia was adjusted for multiple factors using a linear mixed-effects model with age, sex, GMFCS level, and the side of the affected hip as the fixed effects and individual subjects as the random effects. The estimation method used a maximum likelihood estimation to produce unbiased estimators for the variance components. By examining the individual pattern of the 3D acetabular indices along with the factors, a model with one random effect was suggested. The linear effects of the side of the hip, sex, age, GMFCS level, and migration percentage were integrated to evaluate the estimates of the three 3D acetabular indices. The models were compared with a likelihood ratio test. Consequently, the models with the covariate effects of age, sex, GMFCS level, the side of the hip, and migration percentage were accepted as valid for estimating these measurements.
RESULTS
A total of 176 patients with CP (104 males, 72 females) and 55 typically developing individuals (37 males, 18 females) who underwent simultaneous 3D hip CT and pelvic anterior-posterior radiography were included in this study (Fig. S1 ). The mean age at the time of the 3D CT evaluation was 9 years and 5 months (standard deviation [SD] 3y 1mo; range 2y 4mo-19y 6mo) for the study group and 13 years and 6 months (SD 4y 4mo; range 2y 5mo-19y 10mo) for the typically developing comparison group. With regard to GMFCS levels, 13 (7.4%) patients were classified in level I or II, and 25 (14.2%), 76 (43.2%), and 62 (35.2%) patients were classified in levels III, IV, and V respectively (Table SII, online supporting information).
The anterosuperior, superolateral, and posterosuperior indices and the migration percentage all revealed good to excellent results based on results of intra-and interobserver reliability testing (Table SI) . We evaluated 3D acetabular indices (anterosuperior, superolateral, and posterosuperior indices) adjusted for such factors as sex, age, migration percentage, and GMFCS level (Table I) . We used the anterosuperior index to confirm anterior dysplasia of the acetabulum, the superolateral index for global dysplasia, and the posterosuperior index for posterior dysplasia. All three indices were significantly affected by GMFCS level (grouped as I-II, III, IV, and V), were significantly higher in patients with CP than in the comparison group, and progressed according to increased GMFCS level (Fig. 2) . Also, correlations were significant between the migration percentage and all indices (all p<0.001). In one of our results, we observed that the posterosuperior index was significantly affected at patients in GMFCS levels I or II (p=0.01), in whom it was increased by 7.0% versus the comparison group; moreover, it was significantly affected in patients at GMFCS level IV (p<0.001), in whom it was increased by 10.2% versus the comparison group. As a concrete example, a 7-year-old, typically developing male with a migration percentage of 30% would have an estimated posterosuperior index of 41.0°, whereas a patient with the same status except at GMFCS level IV would have an estimated posterosuperior index of 50.8° (Fig. 3) .
The anterosuperior and superolateral acetabular indices were not significantly affected by sex. However, the posterosuperior index showed a decreased pattern in females (p<0.001). The anterosuperior index was not significantly related to age, while the superolateral and posterosuperior indices decreased with age (p<0.001). 
DISCUSSION
In the present study, we quantitatively assessed acetabular dysplasia in patients with CP by using 3D acetabular indices measured with the multiplanar reformation technique on 3D reconstruction CT. Results showed that acetabular dysplasia increased according to each migration percentage and GMFCS level. Some limitations of this study should be addressed before discussing these findings in detail. First, our data were collected retrospectively, introducing the possibility that a strictly uniform collection protocol might not have been maintained. However, we used a linear mixed-effects model to overcome the unbalanced structure of our data set. We focused on multiple factors that could influence the acetabular indices of 3D hip CT. Results of the linear mixed-effects model suggested an independent trend in changes in the acetabulum according to multiple factors. Second, we could not evaluate soft tissue areas such as the cartilage and labrum in the acetabulum owing to the limitations of CT. Further investigation using magnetic resonance imaging may be useful in evaluating the labral condition. Third, the radiation exposure from CT scans can be harmful to children. Therefore, we used low-radiation scans with age-and weight-specific paediatric protocols to minimize the exposure to it. Although it is difficult with current technology, 3D evaluation of the acetabular index using magnetic resonance or other imaging tools should be attempted in the future. Fourth, the distribution of age between the comparison and study groups was significantly different. Therefore, we did not place much importance on the significant difference according to age in the results. Fifth, three indices in our study reflect the amount of defects in the acetabulum and are consequences of hip dysplasia. Therefore, some correlations were found among the three indices, as they were measured in one acetabulum. A statistical approach considering the correlation among anterosuperior, superolateral, and posterosuperior indices could be considered in a future study.
Previous authors have described posterior, anterior, superior, and global (mixed) dysplasia in the acetabulum. 18, 36, 37 A method for measuring acetabular dysplasia using the anterosuperior, superolateral, and posterosuperior indices in 3D reconstruction CT was used in this study. 8, 26 Although several studies have reported a positive relationship between hip acetabular dysplasia and migration percentage, 2, 13, 14, 18, [20] [21] [22] relatively few have evaluated the correlation between quantitative acetabular dysplasia and related factors, such as GMFCS level, migration percentage, and age. Hip displacement in patients with CP is mostly associated with the presence of acetabular dysplasia. 1, 8, 29, 36 Many controversies exist about the nature and location of acetabular deficiency in CP. 8, 18, 25, 29, 37 Even if composite morphological changes occur in the global acetabulum, the main acetabular dysplasia coincides with the direction of the subluxation or dislocation. 37 Increased spasticity and shortening of the psoas and hip adductor muscles in relation to the hip abductors and extensors create abnormal hip force, which can result in acetabular dysplasia and displacement. 38 It has been demonstrated that a channel-like bony deformity exists in the acetabulum, along which the femoral head can slide out. 25 In addition, the pelvis is tilted forwards as a result of the flexion contracture of the hip, and the dislocation advances more posteriorly than longitudinally in the body. 25 Hip displacement in patients with CP progresses to dislocation, primary posterior acetabular dysplasia becomes associated with global dysplasia, and, consequently, the superolateral index increases. 8 The most standard and well-reproduced measurement to determine the extent of hip displacement is the migration percentage. 6, 7 The acetabular index and centre-edge angle also explain acetabular dysplasia and hip displacement, but they can only reflect the plain anterior to posterior bony contour; they cannot evaluate partial posterior dysplasia of the acetabulum. 8, 29, 30, 39 Migration percentage and centre-edge angle do not exclude anterior displacement of the femoral head. 30 Radiographic measurements based on the two-dimensional plane are inevitably dependent on the position of the pelvis, such as pelvic tilt, rotation, and position of patients. 5, 29, 30 Migration percentage is the most valid, reliable, and useful measure for hip surveillance in children with CP. 6, 7, 13, 22, 28 In the present study, we confirmed that the migration percentage had a strong linear relationship with acetabular dysplasia, which was expressed by 3D acetabular indices. The increased migration percentage is the best criterion for determining the need for hip reconstructive surgery. The importance and benefits of hip reconstructive surgery are well recognized, 40, 41 and Dega osteotomy is the most wellknown procedure for severe acetabular dysplasia in CP. 26, [42] [43] [44] The linear relationship between the rate of hip displacement and a child's GMFCS level is well known. A population-based study showed that children classified at GMFCS level V demonstrated a 90% incidence of hip displacement, while there were no cases of hip displacement in 114 children with CP who were classified at GMFCS level I. 2 It has been reported that patients who underwent hip reconstructive surgery, including femoral varus derotational osteotomy, at GMFCS levels IV or V had a significantly increased postoperative migration percentage. 4 Also, the migration percentage, neck-shaft angle, and head-shaft angle tended to increase with increasing GMFCS level. 45 In this study, our results showed that the GMFCS level had a significant independent effect on the quantitative increases in acetabular dysplasia. It is also significant that GMFCS level as a measure of the functional level of patients was directly associated with acetabular dysplasia, regardless of the migration percentage. Thus, preoperative hip evaluation using only simple radiographs (e.g. migration percentage) may be insufficient, particularly when the GMFCS level is high. In such cases, 3D evaluation using techniques such as three-dimensional hip CT could be considered.
In conclusion, our study demonstrated that acetabular dysplasia was independently aggravated according to increased migration percentage and GMFCS level. We recommend consideration of the functional level and 3D evaluation as well as assessment of plain radiographic changes of the acetabulum when deciding the pelvic osteotomy during hip reconstructive surgery in patients with CP. (Grant no. S2409723 ). The authors thank Soyeon Ahn for statistical data analysis and Hyun Mi Kim for data collection. The authors have stated that they had no interests that might be perceived as posing a conflict or bias.
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The following additional material may be found online: Figure S1 : Inclusion and exclusion criteria Table SI : Intra-and interobserver reliabilities of the radiographic measurements 
